
Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 10170–10175, August 1999
Cell Biology

Role for yeast inhibitor of apoptosis (IAP)-like proteins in
cell division

ANTHONY G. UREN*, TRAUDE BEILHARZ†, MATTHEW J. O’CONNELL‡, SARAH J. BUGG‡, ROSEMARY VAN DRIEL§,
DAVID L. VAUX*¶, AND TREVOR LITHGOW†

*The Walter and Eliza Hall Institute of Medical Research, Post Office Royal Melbourne Hospital, Victoria 3050, Australia; †Department of Biochemistry and
Genetics, La Trobe University, Bundoora, Victoria 3083, Australia; ‡Research Division, Peter MacCallum Cancer Institute, St. Andrew’s Place, East Melbourne,
Victoria 3002, Australia; and §Baker Medical Research Institute, P.O. Box 6492, St. Kilda Road Central, Melbourne, Victoria 8008, Australia

Communicated by Gustav J. V. Nossal, University of Melbourne, Parkville, Australia, July 6, 1999 (received for review May 18, 1999)

ABSTRACT Inhibitors of apoptosis (IAPs) are a family of
proteins that bear baculoviral IAP repeats (BIRs) and regu-
late apoptosis in vertebrates and Drosophila melanogaster. The
yeasts Saccharomyces cerevisiae and Schizosaccharomyces
pombe both encode a single IAP, designated BIR1 and bir1,
respectively, each of which bears two BIRs. In rich medium,
BIR1 mutant S. cerevisiae underwent normal vegetative growth
and mitosis. Under starvation conditions, however, BIR1
mutant diploids formed spores inefficiently, instead under-
going pseudohyphal differentiation. Most spores that did form
failed to survive beyond two divisions after germination. bir1
mutant S. pombe spores also died in the early divisions after
spore germination and became blocked at the metaphasey
anaphase transition because of an inability to elongate their
mitotic spindle. Rather than inhibiting caspase-mediated cell
death, yeast IAP proteins have roles in cell division and
appear to act in a similar way to the IAPs from Caenorhabditis
elegans and the mammalian IAP Survivin.

Apoptosis is implemented by a mechanism highly conserved
among metazoans. A number of mammalian cell death pro-
teins resemble those from insects and nematodes both in
structure and function, and some, such as members of the
Bcl-2, caspase, and inhibitor of apoptosis (IAP) families are
able to act in heterologous organisms (1), suggesting an ancient
origin of the effector and control mechanisms of cell death.

Although examples of cell-suicide mechanisms have been
described in single-celled organisms (reviewed in ref. 2), it is
not yet known whether any similarity exists between the
mechanisms of cell death in metazoans and unicellular organ-
isms. In single-celled organisms, homologs of cell death mol-
ecules may be involved in cell death or may have unrelated
roles. In either case, analysis of such proteins may reveal clues
as to how they function. Although no homologs of Bcl-2 or
caspases have been identified within single-celled organisms,
by using low-stringency database searches we have identified
homologs of IAP proteins in the yeasts Saccharomyces cerevi-
siae and Schizosaccharomyces pombe (3). We designated these
genes BIR1 and bir1, respectively, because they bear a pair of
BIR (baculovirus IAP repeat) motifs (4) within their amino
termini.

IAP proteins are a family of cell death inhibitors identified
in baculoviruses, where they prevent defensive apoptosis of the
host cell and thereby promote viral replication (5). Function of
these baculoviral IAPs is conserved, because they also were
able to inhibit apoptosis of mammalian cells (6), and most of
the cellular homologs of IAPs identified in Drosophila and
vertebrates are also cell death inhibitors (7–10). Nevertheless,
it is possible that some IAPs have other functions, as at least

one IAP from Caenorhabditis elegans is probably not involved
in apoptosis but is required for cytokinesis during the first cell
divisions after fertilization (11).

Here we describe the phenotype of BIR1 and bir1 deletion
mutants and localization of the proteins they encode.

MATERIALS AND METHODS

S. cerevisiae Culture and Transformation. Isogenic wild-
type strains JK9 (MatayMata, his4yhis4, leu2yleu2, ura3yura3,
trp1ytrp1) and MH272 (MatayMata his3yhis3, leu2yleu2, ura3y
ura3, trp1ytrp1, ade2yade2) were used. Cells were grown in rich
medium (YPD: 1% yeast extracty2% bactopeptoney2% glu-
cose) at 30°C to late log phase and transferred to presporu-
lation medium (YEPA: 1% yeast extracty2% bactopeptoney
0.2 M potassium acetate) for a further 24 hr and then
resuspended in sporulation medium (SM: 30 mM potassium
acetatey0.3 mM raffinose), incubated for up to 12 days, and
prepared for tetrad dissection (12) or microscopy.

PCR-mediated gene disruption (13) was used to delete the
BIR1 gene. A DNA fragment incorporating the complete HIS3
gene from S. cerevisiae was amplified from plasmid DNA by
PCR using oligonucleotide primers including 50 nt corre-
sponding to the 59 and 39 ends of the S. cerevisiae BIR1 gene.
The yeast strain MH272 was transformed with this construct,
and His1 transformants were checked by Southern blotting to
confirm the identity of the yeast strain YAU1 (MatayMata
his3yhis3, leu2yleu2, ura3yura3, trp1ytrp1, ade2yade2,
BIR1yHIS3::bir1).

To create a homozygous mutant strain, YAU1 was sporu-
lated, and after tetrad dissection, haploid Dbir1 strains of each
mating type were identified and mixed on plates of rich
medium. Zygotes then were identified and isolated. The
homozygous diploid YAU11 (MatayMata, his3yhis3, leu2y
leu2, ura3yura3, trp1ytrp1, ade2yade2, HIS3::bir1yHIS3::bir1)
can sporulate, albeit poorly, confirming its diploid status.

Pseudohyphal Growth Experiments. YAU11 cells were
transformed with gene fragments encompassing the URA3
gene, the LEU2 gene, the ADE2 gene, and the TRP1 gene to
create the heterotrophic bir1 mutant strain YAU1100 (Matay
Mata, Dbir1yDbir1). The YAU1100 cells were transferred to
nitrogen-poor SLAD medium (14) and compared with an
isogenic, heterotrophic wild-type strain. Both the wild-type
and bir1 mutant strain grew with an elongated morphology
characteristic of pseudohyphae, demonstrating that BIR1 is not
required in the signaling pathway for pseudohyphae formation.
Some S. cerevisiae mutants maintain a constitutively active
pseudohyphal state. This includes the elm1 (14) and tec1 (15)
mutants. To test whether the BIR1 gene could suppress this
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signaling pathway, elm1–1 and tec1 mutants were transformed
with the multicopy vector pYX212-BIR1. No change was
observed in the cells overexpressing BIR1 relative to untrans-
formed cells or cells transformed with the empty plasmid
pYX212.

Electron Microscopy. S. cerevisiae cells were cultured for 28
hr in SM and then fixed in 1% paraformaldehydey1% glutar-
aldehyde in 0.04 M phosphate buffer (PB), pH 6.8, and
incubated for 5 min at 20°C and then 30 min on ice. For
staining, cells were washed three times in PB, incubated in 1%
sodium metaperiodate for 15 min, washed, and incubated in 50
mM ammonium chloride for 15 min at 20°C. The cells were
postfixed at 20°C in 0.5% potassium permanganate, 5 min as
suspension, and then fixed as a pellet for an additional 20 min
at 20°C. After washing they were en bloc stained in 0.5% uranyl
acetate overnight at 4°C. The stained cells dehydrated in 50,
70, and 95% ethanol and, finally, in three changes of 100%
ethanol. Cells were infiltrated with LR White resin as follows:
ethanolyresin (1:2) for 1 hr, rotating, ethanolyresin (1:1) for 1
hr, ethanolyresin (1:1) overnight, and then two changes of pure
resin for 1 hr. Cells then were embedded and polymerized at
55°C for 2 days. Sections were cut and collected onto 0.25%
formvar-coated grids. Uranyl acetate and lead citrate were
used for contrasting, and the sections were examined by using
a JEOL 1200EX transmission electron microscope.

S. pombe Culture and Spore Preparation. Strains were
derivatives of 972 h2 and 975 h1. Wild-type diploids (leu1–
32yleu1–32 ura4-D18yura4-D18 ade6-M210yade6-M216 h1y
h2) and haploids (leu1–32 ura4-D18 ade6–704 h2) were used.
Usual procedures for the propagation and manipulation of S.
pombe were used (16). Large-scale sporulation cultures were
expanded in yeast extract media plus amino acids and then
transferred to Edinburgh minimal medium lacking a nitrogen
source (ammonium chloride) plus amino acids. The resulting
asci were digested at 37°C in glucuronidase (Sigma), washed
extensively in water, and germinated in EMM plus amino
acids.

S. pombe Constructs. The bir1 knockout construct was
assembled by PCR amplification of 1-kb arms surrounding the
ORF, which then were subcloned into pBluescript. A ura4
marker was subcloned between these arms. This construct was
linearized and transformed into wild-type haploid and diploid
cells by using a lithium acetate-transformation procedure.

Southern blots of DNA digested with HindIII and ClaI were
used to screen for knockouts.

The bir1 ORF lacking the predicted intron of the genomic
sequence was amplified by PCR from an S. pombe cDNA
library (17) and subcloned into the pRep3X expression vector
(18). A version of the bir1 ORF lacking a stop codon also was
amplified by PCR and fused to the GFP(S65T) ORF, and this
fusion was subcloned into pRep3X.

S. pombe Microtubule Staining. Germinated spores were
fixed in 3.7% formaldehydey0.25% glutaraldehyde and pro-
cessed for microtubule staining as described (19) with a 1:100
dilution of primary antibody TAT-1 (a gift of Keith Gull,
University of Manchester) and 1:100 dilution of Cy3-labeled
anti-mouse IgG (Sigma).

RESULTS

S. cerevisiae and S. pombe Both Have Conserved BIR Motif
Proteins. Nucleic acid databases of the yeasts S. cerevisiae and
S. pombe were searched for ORFs containing conserved
residues characteristic of the BIR motifs of metazoan IAP
proteins. A 954-aa ORF was identified from S. cerevisiae
(YJR089w) encoding two BIR motifs near its N terminus (Y12
to I116 and D145 to F240) and a putative nuclear localization
sequence (K386 to R393) (Fig. 1A). A similar ORF was
identified in S. pombe (cosmids SPAC2C6.16 and
SPCC962.02c). The predicted spliced product encodes a pro-
tein of 997 aa, which contains two N-terminal BIR motifs (R17
to A98 and Q117 to F193), a putative nuclear localization
sequence (P288 to K295), and a putative nucleotide-binding
domain (G622 to S629) (Fig. 1 A). These yeast BIR motifs
contain a large proportion of the key conserved residues
common to all BIRs, including the invariant cysteine and
histidine residues (Fig. 1B). In addition to having two BIR
motifs at their N termini and being similar in length, they also
share a conserved domain at their C termini (Fig. 1C).

Comparison of the BIRs of various IAPs place these yeast
BIR motifs in a subfamily along with those of two C. elegans
IAPs and the mammalian IAPs Survivin (20) and BRUCE
(21) (Fig. 1B). BIR motifs from this class of IAPs are longer
than other BIR motifs, because of the presence of larger,
variable gaps between the universally conserved GLY and first
CYS residues. Notably, a conserved intron is present at the

FIG. 1. BIR motif containing proteins of S. cerevisiae and S. pombe. (A) Domain structure of BIR1 and Bir1. BIR1 and Bir1 are similar in length
and contain two BIR motifs at their N termini, a putative nuclear localization signal near their centers, and a conserved domain at their C termini.
(B) The BIR motifs of BIR1 (S. cerevisiae), Bir1 (S. pombe), both C. elegans IAP homologs, Survivin (human), BRUCE (human), and anti-apoptotic
IAPs such as MIHA (mouse), DIAP1 (Drosophila), and OpIAP (baculovirus) share a number of key conserved residues. IAPs that also contain
RING finger motifs, such as MIHA and OpIAP, are more closely related to each other than they are to the longer class of BIR motifs. (C) Conserved
residues within the C-terminal motif of BIR1 and Bir1.
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same position just 59 of the nucleotides encoding the invariant
GLY residue within the BIRs in S. pombe bir1 (BIR #2), both
C. elegans IAPs, and survivin (Fig. 1B). The absence of a
similarly placed intron within BIR1 is not surprising, given the
paucity of intron-containing genes in S. cerevisiae.

BIR1 Is Required for Both Efficient Meiotic Division and
Spore Germination in S. cerevisiae. One copy of the ORF of
BIR was deleted in diploid S. cerevisiae by homologous recom-
bination. These diploid heterozygotes were induced to sporu-
late, and the growth phenotypes of the wild-type and Dbir1
haploid daughter cells were assayed. Although the BIR1 gene
was not required for vegetative growth of haploid cells, spore
formation was delayed in the diploid heterozygotes, and less
than 25% of these cells formed complete tetrads.

Homozygous mutant Dbir1yDbir1 diploid cells also under-
went normal vegetative growth in rich medium (1% yeast
extract, 2% peptone, 100 mgyliter adenine sulfatey2% dex-
trose), but their ability to form complete tetrads was dimin-
ished greatly. In wild-type cells some complete tetrads were
visible after 1 day in sporulation medium (SM), and the
process was largely complete after 3 days. In marked contrast,
the mutant Dbir1yDbir1 cells did not generate complete tetrads
until 6–12 days on sporulation medium, and even then these
represented less than 5% of the culture (Fig. 2A).

When complete tetrads isolated from the Dbir1yDbir1 mu-
tant cells were dissected and replated, more than 90% of the
haploid Dbir1 spores failed to complete germination (Fig. 2B).
49,6-Diamidino-2-phenylindole (DAPI) staining of complete
tetrads invariably showed one nucleus per haploid spore, but
partial aneuploidy of these nuclei cannot be ruled out (Fig.
2C). The mutant Dbir1 spores initiated mitosis, but died at the
two- to five-cell stage.

Loss of BIR1 Induces Inappropriate Pseudohyphal Devel-
opment. In the absence of a rich nitrogen source, diploid S.
cerevisiae cells begin either of two developmental programs:
under conditions of starvation, they undergo meiosis and form
a tetrad of spores, whereas if a rich carbon source such as
glucose is readily available, they develop into pseudohyphae
(22). Diploid Dbir1yDbir1 mutant cells were indistinguishable
from wild-type diploids when grown in rich medium, except for
the presence of a small proportion of cells in these cultures
(,5%) that displayed characteristics of pseudohyphal devel-
opment such as elongation of cells and unipolar cell division.
The proportion of pseudohyphal cells was increased in cultures
in presporulation or sporulation medium. After 12 days of
culture in sporulation medium, pseudohyphal structures rep-
resented 10–20% of the culture (Fig. 2D). In contrast, parental
wild-type cells did not develop pseudohyphae when cultured in
rich, presporulation or sporulation medium.

Formation of pseudohyphae was not simply due to the
failure of Dbir1yDbir1 cells to sporulate because pseudohyphal
development of Dbir1yDbir1 cells was observed in rich (YPAD)
cultures under conditions in which the corresponding wild-
type cells neither arrested nor initiated sporulation. Further-
more, other sporulation defectives [e.g., Dtom22 cells, which
are compromised in sporulation because of mitochondrial
defects (23)] do not undergo pseudohyphal development as a
default pathway when sporulation is blocked. Despite the
inappropriate pseudohyphal development in Dbir1 mutants,
neither loss of the BIR1 gene nor overexpression of BIR1 on
a multicopy plasmid could suppress constitutive pseudohyphal
growth in elm1 or tec1 yeast mutants (T.L., unpublished data).

Appearance of bir1 Mutant Yeast by Electron Microscopy.
Cultures of wild-type and Dbir1yDbir cells were harvested after
28 hr in SM and were fixed, mounted, and sectioned for
electron microscopy analysis. In wild-type samples the major-
ity of cells ('80%) contained a large vacuole in their center
and a number of smaller lipid bodies and vesicles at their
periphery (Fig. 3A), indicative of cells that have initiated
meiosis I and are undergoing formation of the spore wall (24).

About 10% of cells had undergone either one or two meiotic
divisions, and the spores produced within complete tetrads
appeared normal (Fig. 3B).

Almost half of Dbir1yDbir cells had a morphology more
typical of vegetative cells that have not initiated meiosis, their
cytoplasm being more dense with few if any vesicles or lipid
bodies, and the vacuole being small if present (Fig. 3F). The
few ('3%) cells that had undergone either one or two meiotic
divisions looked similar to wild type (Fig. 3E).

Bir1 of S. pombe Is Required for Spindle Elongation. To
examine the function of the S. pombe bir1 gene, a construct that
replaced the ORF of bir1 with the ura4 marker by homologous
recombination was transformed into both haploid and diploid
S. pombe cells (Fig. 4A). No haploid bir1::ura4 mutants were
obtained, but multiple strains of heterozygous diploid
bir1::ura4ybir11 strains were isolated that grew and looked
normal. When bir1::ura4ybir11 heterozygotes were induced to

FIG. 2. Loss of BIR1 renders diploid S. cerevisiae incompetent for
sporulation. Wild-type or Dbir1yDbir1 mutant yeast cells were incu-
bated in SM. For wild-type cells, spore formation was almost complete
after 3 days (A Left). Even after 12 days, few mature spores appeared
in the Dbir1yDbir1 culture (A Right). (B) The few tetrads formed from
the Dbir1yDbir1 cells after 12 days on SM were dissected and allowed
to germinate and form colonies on rich medium with glucose. (C)
DAPI staining to visualize the nucleus of each of the spores in the
Dbir1yDbir1 tetrads. (D) Pseudohyphae in the Dbir1yDbir1 culture
after 12 days on SM.

10172 Cell Biology: Uren et al. Proc. Natl. Acad. Sci. USA 96 (1999)



sporulate, they underwent meiosis and formed asci. Dissection
of these asci revealed that only the two wild-type spores from
each ascus were viable, whereas the ura1 mutant spores arrest
in cell cycle andyor die during their first or second division
after germination.

To study the terminal phenotype of bir1::ura4 cells, we
sporulated the heterozygous diploid parent in a liquid culture
of minimal medium lacking an added nitrogen source and
prepared a pure preparation of spores free of vegetative cells.
These were inoculated into minimal medium lacking uracil.
Under these conditions, only the bir1::ura4-containing spores
are capable of efficient germination. Samples were taken at
various time points after germination, fixed, and stained with
DAPI. The bir1::ura4 cells arrested with a single nucleus
frequently bisected by a medial septum (Fig. 4B). This appear-
ance, termed a ‘‘cut phenotype,’’ is characteristic of an inability
to successfully complete mitosis before the onset of cytokinesis
and is seen in a number of mutants defective in aspects of
mitotic progression (reviewed in ref. 25).

In wild-type controls, cells with interphase arrays and mi-
totic spindles were observed by indirect immunofluorescence.
Conversely, bir1::ura4 cells contained only interphase arrays or
short mitotic spindles (Fig. 4C). As aberrant mitosis pro-
gressed, leading to the terminal cut phenotype, microtubule
staining was lost, as usually occurs in dead cells. The absence
of cells with elongated spindles indicates that the deletion of

bir1 results in an inability to progress from metaphase to
anaphase.

Bir1 Localizes to the Nucleus in S. pombe and S. cerevisiae.
An episomal plasmid construct expressing a green fluorescent

FIG. 3. Electron micrographs of wild-type and (Dbir1yDbir1) S.
cerevisiae 28 hr after transfer to SM. (A) Typical, highly vacuolated
cells, which comprised 81% of the wild-type cells. (B) Wild-type
asciyspores, which comprised 11% of the wild-type cells, half of which
had three or four nuclei. (C) Dark, unvacuolated wild-type cells (8%
of the population). (D) Vacuolated mutant cells (47% of the popu-
lation). (E) Mutant spores comprised 3% of the population, and less
than 1% had more than two nuclear profiles. (F) Typical, darkly
staining bir1 mutant cells (50% of the mutant cells). (Bar 5 1 mm.)

FIG. 4. Failure of the metaphaseyanaphase transition in S. pombe
bir1 mutants. (A) bir1 knockout construct consisting of two 1-kb arms
of genomic fragments flanking the coding region of bir1 and a ura4
marker inserted between these arms. HindIII sites ‘‘H’’ and ClaI sites
‘‘C’’ were used to screen for homologous integrants by Southern
blotting. (B) Large-scale spore preparations derived from wild-type
and bir1::ura4ybir11 heterozygote diploids were germinated in mini-
mal media for 12 hr and stained with DAPI. Wild-type spores
germinated normally, with a single, central nucleus in all cells.
bir1::ura4 spores germinated but failed to complete mitotic divisions,
with septa frequently cutting through the nucleus destroying it or
forming on one side of the nucleus creating cytoplasts. (C) Tubulin
staining of wild-type and bir1::ura4 germinating spores. Cytoplasmic
microtubules were present in interphase wild-type cells (Top Left).
Mitotic cells showing formation and elongation of spindles were
present in the culture at normal frequencies. In bir1::ura4 spores
(Right), microtubules were evident in interphase cells. Mitotic cells
possessed only short spindles. In .2,000 cells examined, no evidence
for spindle elongation was observed. These cells underwent cytoki-
nesis, often forming a cell plate through the nucleus, killing the cell
and, thereby, destroying microtubular structures. (D) Bir1-GFP local-
izes to the nucleus of vegetative S. pombe. Green immunofluorescence
from Bir1-GFP fusion protein overlaps the DAPI-stained portions of
the nucleus. (Bars 5 10 mm.)
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protein (GFP) fused to the C terminus of the bir1 ORF was
transfected into S. pombe haploid cells. GFP fluorescence was
observed primarily within the nucleus, overlapping the chro-
matin (Fig. 4D). Notably, the transfected cells expressing the
highest amounts of bir1-GFP fusion displayed some of the
morphological characteristics similar to those seen in the
bir1::ura4 knockout haploids. Furthermore, passaging of bir1-
GFP lines frequently resulted in a loss of GFP expression,
suggesting that the bir1-GFP fusion may be nonfunctional and,
when overexpressed, becomes toxic because of interference
with the product of the wild-type allele, or that Bir1 cannot be
tolerated at high levels.

In S. cerevisiae the case was even more extreme: full-length
BIR1-GFP could not be overexpressed in this species of yeast
(T.B. and T.L., unpublished data). To determine whether the
putative nuclear localization sequence directs BIR1 into the
nucleus, we fused domain fragments of the S. cerevisiae protein
to GFP and ectopically expressed them in S. cerevisiae cells
grown on rich glucose medium (Fig. 5A). BIR1 (1–247)-GFP,
a fusion protein bearing the BIR domains alone, remained in
the cytoplasm of vegetatively growing yeast cells (Fig. 5B).
However BIR1(1–474)-GFP, a fusion protein that includes a
putative nuclear localization sequence (KKKRKFKR393), was
found in the nucleus and distributed uniformly through the
nucleoplasm (Fig. 5C).

The BIR1(249–954)-GFP fusion protein containing the
carboxyl-terminal domain of BIR1 also was targeted to the
nucleus (Fig. 5D), but this protein was associated with a
fibrillar structure within the nucleus of dividing cells resem-
bling the spindle of anaphase cells. Treatment of these cells
with nocodazole, which disrupts microtubule-base structures,
led to a uniform fluorescence of the nucleoplasm (data not
shown), suggesting that this domain of the fusion protein can
mediate association with spindle fibers.

DISCUSSION

Although the phenotypes of Dbir1 mutant S. cerevisiae and bir1
mutant S. pombe were not identical, and we have not been able
to complement the yeast IAPs with each other or any other
IAP, there were similarities between the structure and func-
tion of BIR1 and bir1, suggesting that they act similarly in cell
division. The primary defect of Dbir1 S. cerevisiae diploid cells
was an almost fatal inefficiency in both the first meiotic
division of spore formation and the early mitotic divisions after
spore germination. Neither Northern analysis of mRNAs nor
hybridization of labeled cDNAs to arrays containing the
majority of the ORFs of the S. cerevisiae genome (S. cerevisiae
Gene Filters from Research Genetics, Huntsville, AL) re-
vealed clear differences in transcriptional induction or repres-
sion between the wild-type and mutant cells during induction
of sporulation (data not shown). Despite this normal tran-
scription pattern, more than 90% of the Dbir1yDbir cells failed
to complete the first round of meiotic division, instead re-
maining as large, rounded diploid cells that had a morphology
similar to vegetative cells.

Of the spores that did form from Dbir1yDbir asci, the
majority were inviable. Electron microscopy analysis did not
reveal any obvious morphological differences between the few
Dbir spores that did form and those from wild-type asci.
Although DAPI staining showed there was no gross maldis-
tribution of the DNA, partial aneuploidy because of chromo-
somal loss during earlier mitotic or meiotic divisions may have
occurred.

The Dbir1 phenotype closely resembles that of the cell
division mutant chl1 (26). CHL1, a helicase associated with the
kinetochore, is required for efficient mitotic chromosome
segregation, normal levels of meiotic recombination, and
spore viability (26, 27). Diploid S. cerevisiae homozygous for
chl1 mutations are viable, but are highly mitotically unstable

and become aneuploid at 1% per cell division. As a result,
spores from chl1 mutants have low viability because of fre-
quent nullizygosity. Thus, it is possible that BIR1 has a similar
role in chromosome segregation during cell division. Such a
role is consistent with the nuclear and spindle location of
BIR1-GFP.

S. pombe bir1 was required for divisions immediately after
germination. Haploid mutant spores derived from S. pombe
bir1::ura4ybir11 heterozygote diploids were unable to progress
more than two divisions after germination. Because these cells
die after germination and we were unable to isolate haploid
Dbir1 mutants by transfecting the knockout construct into
haploids, it appears that this gene is also essential for vegeta-
tive growth. Unlike the S. cerevisiae Dbir1y1 heterozygotes, S.

FIG. 5. Expression and nuclear localization of S. cerevisiae Bir1-
domain fragments fused to GFP. (A) Three GFP fusion constructs
were designed to carry the BIR domains (shaded), the putative nuclear
localization sequence (white), andyor the conserved C-terminal do-
main (shaded). The yeast strain YAU11 (Dbir1yDbir1) was trans-
formed with plasmids encoding Bir1(1–247)-GFP (B), Bir1(1–474)-
GFP (C), or Bir1(249–954)-GFP (D). Expression of GFP fusions in
mid-log-phase cells was analyzed by fluorescence microscopy.
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pombe bir1::ura4ybir11 heterozygotes underwent normal mei-
otic division and formed asci that were indistinguishable from
wild type. Because these mutants are heterozygotes, however,
it is not yet possible to say whether bir1 also acts in meiosis. The
finding that the two wild-type (ura2) spores from the asci of
bir1::ura4ybir11 heterozygotes were viable suggests the cell
division defects observed in the two ura1 spores from each of
these asci are cell autonomous.

Tubulin staining of the S. pombe haploid cells deleted for
bir1 showed they were capable of undergoing spindle pole body
duplication and nucleation of a short metaphase spindle, but
were unable to undergo the metaphase-to-anaphase transition.
Although cytokinesis proceeded in these cells, a cell plate was
formed frequently that cut through the arrested nucleus. Thus,
it appears that the lethal phenotype of bir1 mutants results
from an inability to extend the mitotic spindle. The capacity for
the C terminus of S. cerevisiae BIR1 to localize to the spindle
suggests a similar role for the two IAP proteins in spindle
function in both species of yeast.

Other IAPs bearing BIRs that resemble those from the
yeasts may also have roles in spindle function. Of the verte-
brate IAP genes, the sequence and exon structure of the yeast
IAPs is most closely related to that of the mammalian IAP
Survivin. survivin expression increases during the G2yM phase
of cell cycle, and Survivin localizes to the mitotic spindle in vivo
and cosediments with polymerized tubulin (28). RNA-
mediated gene interference of one of the IAPs from C. elegans,
caused abnormalities in cytokinesis during embryonal cell
divisions (11).

Although it is not clear whether vertebrate and insect IAPs
function primarily by blocking caspase activation signals (29–
31) or by binding directly to caspases (32–35), most are thought
to inhibit a caspase-dependent apoptotic mechanism. Survivin
has been reported to bind directly to, and inhibit, caspases 3
and 7 (35), but its homologs in C. elegans, bir-1 and bir-2,
appear to have no role in the control of cell death, and the
phenotype caused by inactivation of one of the C. elegans IAPs
can be suppressed partially by transgenic expression of survivin
(11). Because neither S. pombe nor S. cerevisiae appears to
encode caspases, and neither has been shown to use a cell
suicide program, Bir1 and BIR1 are unlikely to function by
inhibiting cell death mechanisms resembling those in metazo-
ans.

The structural and functional similarities between human
Survivin, cerevisiae BIR1, pombe Bir1, and the BIR-bearing
proteins from C. elegans suggest that they share conserved
roles in cell division.
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